ABSTRACT In this paper, a channel measurement campaign is introduced, which utilizes directionscan-sounding to capture the spatial characteristics of 28-GHz wave propagation channels with 500-MHz sounding bandwidth in office environments. Both line-of-sight and non-line-of-sight scenarios were considered. Measurements were performed by fixing a transmit pyramidal horn antenna, and rotating another one in the receiver site at 10 • steps in azimuth. The antenna outputs are viewed as array signals, and a spacealternating generalized expectation-maximization (SAGE) algorithm is applied to estimate delay and angular parameters of multipath components. Benefiting from high resolution achieved by using the SAGE and deembedding of antenna radiation pattern and system responses, more multipath clusters with less spreads in delay and azimuth are found per channel compared with existing works on 28-GHz propagation. The statistics of channel parameters extracted here constitute a preliminary stochastic multipath-cluster spatial channel model.
I. INTRODUCTION
The increasing demand in high-data-rate communications for the fifth generation (5G) wireless systems prompts the necessity of signal transmission on higher frequency band (HFB) beyond 6-GHz, because of abundant spectrum resources potentially available in HFBs [1] . For example, the 7th European framework project ''Mobile and wireless communications Enablers for the Twenty-twenty Information Society (METIS)'' has proposed for 5G communications a candidate frequency band ranging from 450 MHz to 85 GHz [2] . Conventional channel characterization for HFB focuses on 60 GHz millimeter (mm-) wave indoor propagation [3] - [10] . Large-scale characteristics, e.g. path-loss, shadow fading, frequency selectivity, and influence of human body have been investigated [7] - [10] . High-resolution parameter estimation (HRPE) algorithms, such as Space-Alternating Generalized Expectationmaximization (SAGE) [11] and Richter's MAXimum likelihood estimation (RiMAX) [12] were adopted to extract multipath components (MPCs) from the outputs of virtual linear or planar arrays in 60 GHz channel measurements [13] - [15] . Multipath clusters were identified and their statistics have been presented as stochastic channel models for certain propagation scenarios [15] , [16] .
Recently, multiple channel measurement campaigns for more frequencies in HFB have been carried out, such as 10 -11 GHz [6] , [17] , [18] , 28-38 GHz [19] - [25] , 70-73 GHz [26] - [29] , and 81-86 GHz [28] . In these campaigns, antennas with narrow Half-Power-BeamWidth (HPBW), e.g. pyramidal horn antennas, were used [27] , [29] , [30] . One motivation of adopting narrow-HPBW antennas in measurements is that the large antenna gain can compensate the significant path-loss in HFB propagation. Furthermore, a direction-scan-sounding (DSS) method can be used by rotating the antenna towards different directions in such a way that a spatial channel is ''scanned'' in multiple directions. Power delay profiles (PDPs) and path-loss models for omni-directional channels have been synthesized from those directional observations, based on which channel models were proposed for outdoor cellular, back-haul, and indoor propagations scenarios [31] - [33] . However, without de-embedding of antenna radiation pattern, the models obtained in these works are subject to the DSS settings, such as the number of scanning steps and the size of scanning step [27] , [30] , [34] . Only recently, HRPE using the SAGE algorithm was applied to estimating azimuths of arrival (AoAs) and delays of MPCs from DSS measurement data for 28 GHz channels [21] . However, as the antenna radiation pattern adopted was obtained via simulation rather than being measured in anechoic chamber, a large amount of spurious MPCs are obtained. Consequently, the models established do not represent the exact properties of propagation channels.
In this paper, a channel measurement campaign recently conducted in an office of Eletronics and Telecommunications Research Institute (ETRI), Daejeon, Korea, is introduced, which makes use of DSS for channel sounding at center frequency of 28 GHz and bandwidth of 500 MHz. Different from previous channel investigation based on non-parametric approaches [6] , [19] , [26] , [28] , a SAGE algorithm is implemented to estimate MPCs' parameters from channel impulse responses (CIRs) at the output of sliding-correlator [35] . The statistics of composite channel and cluster-level parameters are extracted and compared with existing works and standard channel models for lower frequency bands. From these results, a cluster-based stochastic spatial channel model (SCM) is established with antenna-and systemresponses de-embedded. It is worth mentioning that the work presented here is only a part of a series of channel characterization activities conducted by ETRI. Those activities include outdoor measurements in dense urban districts in Gangnam, Seoul and in Daejeon, indoor measurements in Seoul railway station and Incheon airport at both 28 and 38 GHz. Instead of presenting a statistically sound model based on a sufficient amount of measurements, our studies presented here focus more on the applicability of HRPE-based parameter estimation and the cluster-based characterization in mm-wave channel modeling. They can be implemented to construct channel models for various environments and from different perspectives, e.g. cross-polarized channel characteristics, channel consistency, etc.. The rest of the paper is organized as follows. In Section II, the measurement campaigns and equipment are introduced. In Section III, the derived SAGE algorithm is described, and the examples of estimated MPCs are presented. Section IV elaborates the MPCs' constellation and the characteristics of composite channels for different propagation scenarios. Section V introduces a clustering method and the statistics of cluster characteristics extracted. Finally, conclusive remarks are given in Section VI. Fig. 1 illustrates a DSS approach adopted in our measurement which is similar with those applied in [20] , [33] , and [36] . Fig. 1 . A diagram of direction-scan channel sounding by using horn antennas, where u(t ) is the sounding signal, and y n (t ), n = 1, ..., N, is the received signal obtained with Rx antenna directed to N orientations.
II. MEASUREMENT ENVIRONMENT AND SETUP
The Tx and Rx are equipped with 60 • -and 10 • -HPBW pyramidal horn antennas respectively. During measurements, the Tx antenna is fixed, and the axis of the Rx horn antenna is rotated in the step of 10 • in azimuth from 0 • to 360 • and in co-elevation from −10 • to 10 • . 1 Thus, for each measurement cycle, 36 × 3 = 108 CIRs are obtained, which can be viewed as the outputs of a virtual antenna array with antenna elements oriented towards multiple directions. The block diagram of the channel sounder -millimeterwave Band Exploration and Channel sounder (mBEC)-used in the measurements is illustrated in Fig. 2 . The Tx transmits periodically a pseudo-random (PN) m-sequence generated by a 12-order shift register in the transmission rate of 500 Mega chip-per-second (Mcps). This results in an intrinsic delay resolution of 2 nanoseconds. The PN sequence is modulated with Binary Phase Shift Keying (BPSK) and up-converted to the carrier frequency of 28 GHz. The rotation of the Rx antenna is controlled by a software which also records the antenna attitude in real-time. In the Rx site, the signal is downconverted and fed into an analog-digital convertor (ADC).
The output is correlated with the same PN sequence with chip rate of 499.96 Mcps, and then low-pass-filtered to generate CIRs as described in [30] , [37] and [38] . During the sounding procedure, the Tx and Rx are fully synchronized through a common triggering module. Table 1 reports some specifications used in the measurements. To the right of the map exist two office environments ''O1'' and ''O2'' with regularly aligned cubicles separated by cardboard. To the left of the map, a wide entrance hall connects to the corridor marked with ''C1'', and further to the entrance ''C2''. During the campaign, the Tx was located in the entrance hall to the bottom of the map. Fig. 4 antennas have the same height of 1.5 m above the ground in all measurements. The environment was stationary with no objects or humans moving. These propagation scenarios usually occur for device to device (D2D) communications in indoor environments.
The Rx antenna response at the E-plane was measured in an anechoic chamber with azimuth varying from −90 • to 90 • . Figs. 5(a) and 5(b) illustrate respectively the magnitude and phase of antenna radiation at the E-plane in a polar coordinate. Here, 0 • -azimuth refers to the azimuth of antenna's mean-beam. For notational convenience, we use c( ) to denote the Rx antenna response at the E-plane, with the direction = [cos(φ), sin(φ)] T where φ is the azimuth and (·) T denotes the transpose operation. Moreover, we use c n ( ) to represent the antenna response when the antenna is rotated at the n th step in azimuth, where n = 1, 2, . . . , N with N being the total number of steps. Under the assumption that the location of the antenna's feed port is fixed during scanning, and that the radiation pattern does not change when the antenna is rotated, c n ( ) can be calculated as: where J(φ n ) is a Jones matrix:
withφ n = (n − 1) φ. Here, φ is the step size. A virtual antenna array can then be formulated with array response c( ) = [c 1 ( ), c 2 ( ), . . . , c N ( )] T . Fig. 5 (c) demonstrates the magnitude |c n ( )| versus φ with n = 1, . . . , 36 and φ = 10 • . The array gain calculated as the norm c( ) is depicted with respect to φ in Fig. 5(d) . 2 It is observed that the array gain fluctuates in azimuth with a dynamic range of 0.25 dB.
III. PARAMETER ESTIMATION
According to the diagram shown in Fig. 1 , the baseband representation of the received signals at the output of the Rx horn antenna being rotated by n steps when the Tx horn antenna transmits can be written as:
where u(t) is the transmitted signal, T represents the sounding duration with Tx and Rx antennas fixed, τ , and α represent respectively the delay, direction of arrival (DoA), and complex attenuation coefficient of 2 As the antenna pattern is only measured in E-plane within the azimuth range of [−90 • , 90 • ], the response for the azimuths not being measured is assumed to be 0. Since the main lobe of the antenna is in the azimuth range [−90 • , 90 • ], the impact of such a ''zero-padding'' operation is considered negligible on the performance of the SAGE algorithm.
the th propagation path, L denotes the total number of propagation paths, and w n (t) is the complex-valued circularly symmetric Gaussian random noise component. For notational convenience, we use to denote all the parameters characterizing the components in the propagation channel:
A SAGE algorithm can be implemented which updates the estimates of iteratively [12] . For the case considered here, the admissible hidden data space X is defined as the contribution of individual propagation paths, i.e. X = x (t) ∈ C N with the nth entry written as:
An objective function (τ, ) that is maximized for updating the estimatesτ ,ˆ is calculated as:
with (·) * being the complex conjugate operation, and G( ) being the normalization factor:
Onceτ andˆ are obtained, the estimateα of amplitude can be computed aŝ
Readers can refer to [12] for the description of iterative operations in the SAGE algorithm and results of performance evaluation. The integrals shown in (5-7) are approximated by the summation of the discrete observations. According to [12] , the Cramér-Rao lower bound (CRLB) for mean square estimation error (MSEE) of unknown parameters obtained by the SAGE algorithm is inversely proportional to the array gain. From Fig. 5 (c) we observed that the array gain varies with respect to azimuth, and the differences are less than 0.25 dB. This implies that the MSEE fluctuation attributed to non-constant array gain is upper-bounded by 0.25 dB [12, Appendix C]. Practically, such a variation is considered small, and the influence on parameter estimation is negligible. Therefore, the estimation results obtained by using the SAGE algorithm are considered applicable for channel characterization in this work.
In our case, since the antenna response at E-plane is available, the SAGE algorithm is applied to estimating the azimuth of arrival (AoA) φ , delay τ and complex amplitude α for individual MPCs, under the assumption that MPCs arrive at the Rx antenna with elevations of arrival (EoA) equal to the elevationθ of Rx antenna axis. Strictly speaking, this assumption is unrealistic since the HPBW of the pyramid horn antenna at H-plane is equal to 10 • , meaning VOLUME 3, 2015 that the paths of EoAs within [θ − 5 • ,θ + 5 • ] can still be received by the antenna. When the SAGE algorithm is executed with model mismatch in cases where the true EoAs of paths are different withθ , estimation errors occur according to [39, Fig. 4 ]. In our measurements, the Rx antenna axis has three co-elevations, i.e.θ ∈ {−10 • , 0 • , 10 • }. Thus, for every Rx location we obtain three sets of estimated MPCs which are assumed with co-elevations equal to −10 • , 0 • and 10 • respectively. As an example, Fig. 6 (a) illustrates concatenated PDPs for 36 channels observed when the Rx antenna is rotated from 1 st step to 36 th step in the LoS scenario with the Rx antenna's co-elevation equal to 0 • . It can be observed that the PDP obtained with the Rx antenna rotating at the first step exhibits a strong peak which corresponds to the LoS component, and the PDP obtained at the 18 th step also exhibits peak attributed to the NLoS component which is generated by reflection from the steel wall located at the end of the corridor ''C1''. To further evaluate the performance of the SAGE algorithm, we calculate the Bartlett delay-AoA power spectrum (PS) p(τ, φ) for the original CIRs, the PSp(τ, φ) for the reconstructed CIRs computed based on the MPCs estimated and with antenna radiation pattern and system responses embedded, and the PSp(τ, φ) for the residuals which are obtained by subtracting the reconstructed CIRs from their original counterparts [40] , [41] . These PSs are illustrated in Figs. 7(a), 7(b) and 7(c) respectively. It can be observed that p(τ, φ) andp(τ, φ) are similar. The maximum ofp(τ, φ) is 20-dB lower than the maximal spectral height of the original PS. These results demonstrate that by estimating 100 MPCs using the SAGE algorithm, dominant channel components with the power confined in 20 dB dynamic range can be extracted from the original CIRs. Note that during the measurements, the horn antenna may not be rotated with its feeding port fixed exactly, thus the antenna radiation pattern observed when the antenna points towards a certain direction could be different from the original pattern with axis shifted. Furthermore, the cable connected to the antenna may introduce additional non-uniform phase drifts when the antenna is rotated, and these phase variations are hard to calibrate. Both effects can lead to the degradation of estimation accuracy achievable by using the derived SAGE algorithm. The impact on channel characterization is currently under investigation by deriving CRLBs with these imperfections taken into account and comparing to both simulation and measurement results. 
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IV. CHANNEL CHARACTERISTICS IN DIFFERENT PROPAGATION SCENARIOS
Considering that channel dispersion in elevation cannot be represented effectively by using only three elevations, we focus on the characteristics in azimuth and compare the results obtained with different co-elevations of arrival in both LoS and NLoS scenarios. These different constellations are correlated with the premises of the Rx. For example, in the LoS scenario, the reflected paths coming at AoA around 180 • are caused by the steel wall behind the Rx, opposite to the Tx; in NLoS-N1, the Rx is located close to the conjunction between corridors ''C1'' and ''C2'', where the wall edges and complex structures around the corners scatter waves in a wide azimuthal range; in NLoS-N2, most waves arrive at the Rx from the entrance/corridor ''C2'', and the cubicles in regions ''O1'' and ''O2'' do not contribute too much to the overall propagation. All these observations clearly demonstrate that 28 GHz mm-wave propagation is highly dependent on the environments in the premises of Tx and Rx. This is consistent with the statement made in [36] that path constellations are simpler due to high penetration loss in mm-wave propagation. Another observation obtained from Fig. 8 is that the MPCs are widely spread in delay, but more concentrated in AoAs at one or two specific AoAs. This is more apparent in the NLoS scenarios. Such phenomena have also been observed in the measurements described in [30] . We postulate that mm-waves reverberate among a limited number of objects in the environment in such a way that the NLoS paths can have common bouncing points in their last hops before connecting to the Rx. As a result, the MPCs have similar AoAs and are well-separated in delays, leading to sparsity in the AoA domain.
Based on the MPCs estimated, we calculate the composite root-mean-square (rms) delay spreads σ τ and AoA spreads σ φ for channels, and investigate their variations with respect to the Rx antenna co-elevation. These channels are considered omnidirectional in the Rx site and directional in the Tx site with 60 • azimuthal extension.
1) COMPOSITE RMS DELAY SPREAD σ τ
Following the definition in WINNER II SCM Enhanced (SCME) [42] , σ τ is calculated as where φ denotes the angle betweenˆ and the mean direction¯ = L ˆ p under the constraint of φ ≤ 180 • [43] . It can be observed from Fig. 9 (b) that σ φ is larger in LoS than in NLoS. This is reasonable since in the LoS scenario, the MPCs are concentrated in two opposite directions with AoAs 0 • and 180 • respectively. The average σ φ represented in log 10 ([ • ]) for LoS equals 1.9, which is higher than 1.65 as specified in the WINNER II SCME for office LoS environments [42] . For NLoS scenarios, we observed larger σ φ in N1 than in N2. From the map it is seen that the objects are more uniformly distributed around the Rx in NLoS-N2 than in NLoS-N1. Thus, the observation of less σ φ in NLoS-N2 is contradictory to a normal postulation that more uniformly distributed objects shall lead to a larger azimuth spread. However, from Figs. 8(g) to 8(i) it is obvious that although the Rx's premise in NLoS-N2 has more uniformly distributed objects, most MPCs have AoA within the range of [−60 • , 20 • ], i.e. they arrive at the Rx from the entrance. So the cubicles located further away from the Rx did not contribute to wave propagation, due to significant propagation loss caused by clutter environments among cubicles and long propagation distance. This phenomenon demonstrates that mm-wave propagation depends on objects in the vicinity of the communication ends, which is different from below-6 GHz propagation that can involve objects widely spread in the environment [44] .
V. MULTIPATH CLUSTER CHARACTERISTICS
The effect that MPCs in a channel can be grouped as clusters has been described in many existing models for below-6 GHz wave propagation, such as Saleh-Valenzula models [45] and WINNER-alike SCMEs [42] . It is also important to investigate the clustering behavior of MPCs in 28 GHz channels. In this section, a clustering method is introduced, and then cluster characteristics and statistics extracted from measurements are elaborated.
Conventionally, clustering methods based on visual inspection, K-power-means, and Multipath Component Distance (MCD) have been applied to grouping MPCs [46] - [48] . Visual inspection is difficult to implement when the MPC's parameters are in multi-dimensions. The K-power-means approach requires an initial guess of cluster number which is hard to obtain in advance [49] . In this work, a MCD-based method similar to the CLEAN algorithm [50] is used to group MPCs, which has been proved feasible in literature such as [51] .
The MCD between the ith and jth MPCs (i = j) in the case considered here is calculated as
where MCD AoA,ij is the AoA MCD calculated as MCD AoA,ij = j − i (10) and MCD τ,ij represents the delay MCD:
where τ i and τ j are the delays of the ith and jth MPCs respectively, ξ is a delay scaling factor which balances the relative importance weights of AoA MCD and delay MCD, and
The clustering method adopted here consists of three steps:
Step i, choose a reference MPC which has the largest power among all MPCs in a set eligible for extracting clusters;
Step ii, calculate the MCD between the reference MPC and all other MPCs in the set, select the MPCs yielding MCDs less than a predefined threshold denoted with MCD th , and group them together with the reference MPC as a cluster;
Step iii, remove the MPCs already allocated to a cluster from the MPC set, and re-execute Step i to find the next cluster. This procedure stops until all MPCs are assigned to certain clusters. The advantage of this simple clustering method is that it is unnecessary to pre-determine the number of clusters. However, it has a drawback that the clustering result is subject to the changes of ξ and MCD th . Practically, the values of ξ and MCD th are chosen by using a visual inspection method, which is viable in our case as the MPCs are distributed in two dimensions, i.e. delay and AoA domains. An empirical criterion applied for visual inspection is that the MPCs should be partitioned into clusters with clear borders. We found that ξ = 12 and MCD th = 0.25 are suitable, which is consistent with the setting described in [15] and [17] . Fig. 10 illustrates two examples of clustering results obtained with the proposed method for LoS and NLoS scenarios respectively. The spots with the same color represent the MPCs assigned to a common cluster. These results are considered acceptable since most clusters identified are well-separated in delay and AoA domains. It is worth mentioning that the conventional multipath clusters are identified from MPCs estimated from multiple independent channel observations [42] . However, in our case, rotating antennas mechanically is so time-consuming that measuring a channel with more realizations is practically prohibitive. From the results shown in Fig. 10 it is observed that with MPCs estimated from a single channel snapshot, clusters are still extractable. This, according to our conjecture, is due to the de-embedding effect and the high resolutions in delay and AoA achieved by using the SAGE algorithm. In the sequel, cluster characteristics, including cluster number, cluster distribution in delay and AoA, cluster spread, as well as the correlation of intra-cluster dispersion in AoA and delay are investigated. Nevertheless, it is recommended to consider using efficient approaches to obtain multiple independent snapshots through DSS in order to construct accurate stochastic channel models with realistic ergodicity. Table 2 reports the number C of clusters and the number M of MPCs per cluster identified in nine propagation scenarios with Rx antenna rotated towards different elevationsθ in LoS and NLoS cases. It is seen from Table 2 that the total number of clusters per channel is around 12 with no significant variation versusθ in all three scenarios. This figure is close to that reported for below-6 GHz channels, e.g. 12 to 16 in the WINNER II SCME for office environments [42] , but is quite different to the values reported in other 28 GHz channel measurements, e.g. in [31] , 2 to 5 clusters were found in average in in-building LoS and NLoS scenarios. We postulate that the observation of more clusters in a channel is caused by two reasons: i), the Tx and Rx were surrounded by the walls of corridors and entrance, which allows most objects in the Tx and Rx premises actively involved in the propagation; and ii) high resolution in both delay and AoA domains achieved by using the SAGE algorithm makes it possible to extract MPCs with lower power which can be grouped as more clusters as demonstrated in Figs. 10(a) and 10(b) . CLUSTER GAIN AND SHADOW FADING Fig. 11 illustrates relative cluster gain G c in dB calculated as the total power of the MPCs allocated to a common cluster versus the average propagation length of these MPCs represented in logarithmic scale [16] . It can be observed that a linear regression line fits well with the empirical scatter plots, and the slope of the line, which corresponds to the exponent constant of a cluster path loss model, is found to be 5.9. Fig. 12 demonstrates the empirical cumulative distribution function (cdf) of the cluster shadow fading VOLUME 3, 2015 which is calculated by subtracting the cluster gain predicted from the fitted line in Fig. 11 for specific distances from the cluster power. We observed that the empirical cluster shadow fading can be fitted by log-normal distribution with mean of zero dB and standard deviation of 8 dB. The Kolmogorov-Smirnov testing is used to verify whether the null hypothesis that both empirical and the fitted cdfs are drawn from the same distributions is true. Without specifically mentioned, the fitted distributions presented in this paper have passed the Kolmogorov-Smirnov testing and proved to fit well with their empirical counterparts. Fig. 13 illustrates the distributions of the clusters identified for different Rx antenna's co-elevations in three measurement scenarios. For representational convenience, the 3-dB contour of a bi-variate normal distribution's pdf, which coincides with an ellipse, is used to approximate the shape of a cluster. Specifically, the pdf has its first moment equal to the center of gravity (CoG) of a cluster, standard deviations identical with the cluster's spreads in delay and AoA, and the bi-variate correlation coefficient being the same as the correlation coefficient of the MPCs' AoA and delay deviations from the cluster CoG. The ellipses' colors represent the relative dB scale of cluster power. For comparison convenience, the largest cluster power found in each scenario is normalized to 0 dB. Furthermore, we adopt the same ranges for x− and y− axis, as well as identical color-to-power scaling in all nine plots shown in Fig. 13 . The following observations are obtained: i) clusters detected in the LoS scenario have a larger dynamic range of power variation than in the NLoS scenarios; ii) clusters are widely spread in delay in all nine plots; 
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iii) except for NLoS-N1, the clusters are concentrated in narrow regions in AoA, which is reasonable since the location ''N1'' is close to the corner of the corridor ''C2'', where the environment is more cluttered than in other cases; iv) clusters exhibit similar intra-cluster spreads in AoA for LoS and NLoS scenarios, and the clusters in LoS exhibit smaller spreads in delay than in NLoS scenarios; v) for different Rx antenna elevations, we observed significant changes in cluster constellations, which implies that a channel changes significantly when being observed at different elevations. Comparing with the statistics of cluster AoA spread reported in WINNER II SCME [42] , we found that the mean σ c,φ in 28 GHz channels measured here is about 4.8 • , close to 5 • as reported in A1 office environments for below-6 GHz channels [42] . This observation is contradictory to a conventional opinion that mm-wave propagation channels usually exhibit larger cluster angular spreads than the channels in lower frequencies, due to significant scattering effects in mm-wave bands. We postulate that large cluster azimuth spread is not observed in our cases for mmwave channels, because the high-resolution in delay and AoA provided by the SAGE algorithm allows partitioning MPCs into clusters with smaller delay and AoA extensions.
CLUSTER DELAY SPREAD σ c,τ Fig. 15 depicts the empirical and fitted cdfs P(σ c,τ < abscissa) of cluster delay spread σ c,τ for LoS and NLoS scenarios. The cdfs of lognormal distributions fit well to the empirical data. It is observed from Fig. 15 that the average σ c,τ is 10 −8.6 ≈ 2.5 ns and 10 −8.4 ≈ 4.2 ns for LoS and NLoS scenarios respectively, i.e. clusters have larger extensions in delay in NLoS than in LoS scenarios. This is reasonable as more objects can be involved in propagation for NLoS scenarios, and they contribute with a large amount of paths which are eventually grouped to clusters with larger spreads in delay domain. Since the shape of a two-dimensional cluster, represented by the intra-cluster path distribution in AoA and delay, is jointly determined by ρ c,φτ , σ c,τ , and σ c,φ , we may deduce from the wide dispersion of ρ c,φτ that, the shape of the clusters is quite diverse in both LoS and NLoS scenarios, which is consistent with the observation of differently titled ellipses as shown in Fig. 13 . Table 3 compares the statistical parameters for composite and cluster-level channel characteristics obtained from our measurements and from literature for 28 GHz mm-wave propagation. The counterparts in WINNER II SCMEs and relevant literature for below 6 GHz channels are also shown. It is observed from Table 3 that for 28 GHz channels, more clusters are found in the measurements considered here than in those reported in [31] and [52] . Furthermore, we observe similar number of MPCs per cluster for LoS and NLoS cases, which is different from the phenomenon reported in [31] that the number of MPCs per cluster is significantly larger in NLoS than in LoS scenarios. We postulate that this difference is caused by the SAGE algorithm capable of de-embedding system and antenna responses from original channel observations. Benefiting from higher resolutions in resolving MPCs, the clusters are separated with clearer borders than those observed by using non-parametric approaches [31] . For the comparison between 28 GHz and below-6 GHz channels, it is seen from Table 3 that in LoS scenarios, 28 GHz channels exhibit less composite rms delay spread and larger composite AoA spread, and for NLoS scenarios, the composite channel behaviors are similar. In general, clusters with smaller size especially in angular domains are more likely to be observed in 28 GHz channel than in below-6 GHz channels. Furthermore, it is obvious from Table 3 that by using the SAGE in extracting MPCs, the model parameters obtained here for 28 GHz propagation do not have significant differences to those for below-6 GHz channels, although the 28 GHz channel does exhibit significant sparsity in angular domains compared with the channels below-6 GHz as reported in [54] .
VI. CONCLUSIONS
In this paper, cluster-based characterization was applied to analyzing indoor propagation channels measured in 28 GHz millimeter (mm)-wave frequency bands in office environments. A Space-Alternating Generalized Expectationmaximization (SAGE) algorithm was implemented to extract multipath components (MPCs) from the output of a virtual antenna array generated by rotating a horn antenna in steps. Based on estimated MPCs, clusters were identified using a simplified multipath-component-distance approach. Stochastic behaviors of composite channel delay spread, azimuth of arrival (AoA) spread, and cluster characteristics, such as cluster number, delay spread, AoA spreads, and spread correlation have been investigated for line-ofsight (LoS) and non-line-of-sight (NLoS) scenarios. These results showed that in general, the mm-wave channels exhibit simpler multipath constellation. Their small-scale characteristics are dependent on the environments surrounding the transmitter and receiver, and consequently, channels exhibit significant sparsity in the angular domain. In addition, the high-resolution achieved jointly by using wideband sounding signals and the SAGE algorithm allows detecting more clusters with clear separations in delay and AoA. The cluster characteristics for 28 GHz channels are similar with those specified in conventional spatial models for below-6 GHz channels. These studies demonstrate the potentiality of applying high-resolution parameter estimation e.g. by using the specular-path-based SAGE algorithm to extract channel characteristics and the easiness of extracting cluster statistics of multipath from estimation results. 
